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ABSTRACT 
 
The present study reports a two-level multivariate analysis to optimise the production of 
anodised aluminium oxide (Al2O3) dielectric films for zinc oxide thin-film transistor (TFTs). 
Fourteen performance parameters were measured and Analysis Of Variance (ANOVA) of the 
combined responses has been applied to identify how the Al2O3 dielectric fabrication process 
influences the electrical properties of the TFTs. Using this approach, the levels for the 
manufacturing factors to achieve optimal overall device performance have been identified and 
ranked. The cross-checked analysis of the TFT performance parameters demonstrated that the 
appropriate control of the anodisation process can have a higher impact on TFT performance than 
the use of traditional methods of surface treatment of the dielectric layer. Flexible electronics 
applications are expected to grow substantially over the next 10 years. Given the complexity and 
challenges of new flexible electronics components, this ‘multivariate’ approach could be adopted 
more widely by the industry to improve the reliability and performance of such devices. 
 
* corresponding author e-mail: lucas.fugikawa@unesp.br. Av. 24A, 1515, Physics Department, 
CEP 13506-900, Rio Claro, SP, Brazil.  
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INTRODUCTION 
The global market in flexible displays, solar energy and large area electronics is expected 
to boom in the next 5-10 years.  For example, many market analysts have forecasted the flexible 
display industry to grow to $30-50bn by 2020 with the rise in next generation e-readers, phone and 
other flexible displays. Key to realising this potential is the need for flexible, lightweight, 
transparent, mechanically robust electronics, which has motivated research groups to focus on zinc 
oxide (ZnO) thin film transistors (TFTs) 1–6. ZnO can be deposited by using a variety of techniques 
such as sputtering, chemical vapour deposition, atomic layer deposition and spray coating. The 
conductivity mechanism of undoped ZnO is still not fully understood, but it is commonly 
associated to oxygen vacancies, zinc interstitials or substitutional hydrogen impurities 2,3. 
Therefore, one key to the performance of ZnO-based TFTs is the control of density of defects 3, 
which depend strongly on the deposition technique and the quality of gate dielectric layer and the 
semiconductor/dielectric interface 4. 
To improve the performance of ZnO TFTs, there is a need to simultaneously lower the 
device power consumption, operating voltage, current consumption in the “off” state, gate leakage 
current, improve the threshold voltage stability and the operation frequency 7. All these factors are 
critically influenced by the gate dielectric and the semiconductor/dielectric interface properties. To 
achieve this, the dielectric must concurrently possess i) a large capacitance per unit area, ii) a low 
leakage current and iii) a low surface roughness to minimize carrier scattering, allowing optimal 
carrier mobility in the transistor channel during accumulation; and iv) a low interfacial trap density 
to minimize threshold voltage instabilities 8. To achieve these qualities, high-κ dielectrics are often 
used and combined with other materials in a bilayer structure which can be further improved by 
surface treatment 9,10. In this context, Al2O3 has been considered a promising dielectric due to its 
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high dielectric constant (7.5 to 15) and high thermal stability. Whilst Al2O3 has been deposited 
using magnetron sputtering 11, chemical vapor deposition (CVD), atomic layer deposition 
(ALD) 12, the anodisation process is particularly interesting for flexible electronics owing to its 
simplicity, low cost, low temperature, potential for R2R development and excellent film thickness 
control in nanometric scale 13. Furthermore, the electrical properties of anodised films are shown 
to be better when compared with other techniques 14,15. 
To develop anodised layers, there are several factors that impact the electrical and 
morphological properties of the film. Ordinarily, these are studied by varying each factor 
individually, with all other factors being kept constant. This can be a slow and inefficient method 
for elucidating the main factors that affect the performance of a TFT. To avoid this, a “design of 
experiments” (DOE)16,17 approach can be applied to screen the main factors and identify which 
have the greatest significance on the device response whilst using a reduced number of runs. 
In this work, a comprehensive study of the influence of the processing parameters on the 
performance of anodised Al2O3 insulating films for ZnO TFTs built is conducted. In particular, a 
combinational science approach is undertaken in order to provide a rapid methodology to optimise 
the layer deposition. This approach could provide a step-change for process optimisation for 
researchers in the area of flexible electronics. To accomplish this, a screening of the anodisation 
parameters was carry out by using a Plackett-Burman Design (PBD)18–21 which enables several 
parameters to be varied simultaneously, with reduced number of experiments, providing an 
efficient and rapid method to identify the most significant factors which impact the TFT 
performance. We studied eight different process parameters that influence the performance 
parameters of ZnO TFTs (mobility, threshold voltage, etc.) by using analysis of variance 
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(ANOVA)22–24. In our view, this procedure could be adopted more widely in flexible electronics 
development to increase the speed of product development. 
 
EXPERIMENTAL DETAILS  
Device fabrication steps 
All steps of fabrication, including anodisation and sputtering, were carried out in the 
cleanroom class 1000. Substrates were thoroughly cleaned with solvents and oxygen plasma treated 
for 5 minutes. Eight different factors with two levels considered for the anodisation process are 
listed in table 1. Values on table 1 are the average of 4 to 7 measurements and the uncertainty is 
given by the corresponding standard deviation, except by the final voltage (H) and the current 
density (F), which were determined by the accuracy of the voltage/current source unit (Keithley 
SMU model 237). Details on the anodisation process are presented in the supporting information 
material (SI). 
Aluminium films were evaporated onto glass substrates using a Leybold 250 Univex 
thermal evaporator and anodisation process was carried out according to factors and levels given 
in table 1. The thickness (t) of the Al2O3 films were determined by the final voltage (VF) of the 
anodisation process from the relationship, t = cVF, being c a constant factor which depends on the 
experimental conditions (considered as ~ 1.2 nm/V in this work) 14,15. After anodisation, the films 
were removed from the solution and the impact of post annealing considered; samples were either 
left to dry at room temperature or annealed at 150ºC for 1 hour. 
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Table 1: Factors chosen for using in the screening test of the two-level factorial factors by the PBD and correspondent 
values. 
 
The performance of the Al2O3 films as a dielectric layer was tested manufacturing metal-
insulator-metal (MIM) capacitor structures and bottom-gate/top-contact ZnO TFTs. For TFTs, 
ZnO films were deposited onto the Al2O3 film by the Leybold 350 Univex sputter coating system. 
The pressure of the Ar gas was kept at 1.2x10-2 Torr, with the power set at 75 W. The thickness 
(40nm) as well as the evaporation rate (0.5 Å/s) of the ZnO films were controlled by a quartz crystal 
sensor. To complete the transistors or the MIM capacitors, a top layer of aluminium (70 nm thick) 
was thermally evaporated through a shadow mask to form a circular electrode, which has a central 
electrode with 1 mm of diameter surrounded by a concentric ring, with a 400 µm gap (W = 6280 
µm and L = 400 µm). For transistor devices, the inner electrode and the external ring were, 
respectively, the drain and source electrodes, with the Al layer underneath the Al2O3 layer 
contacted as the gate electrode, whereas, for the MIM capacitor configuration, the external ring 
was grounded, working as a guard ring. The guard ring configuration avoids errors which can occur 
when performing impedance/capacitance measurements in MIM/MIS capacitor structures since 
lateral currents may result in charging of the whole gate electrode, misleading the correct evaluation 
of the device area 25. For TFT measurements, the external ring does not perform the role of guard 
ring, acting merely as the transistor drain (or source) electrode. 
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Characterization setups 
The electrical performance of both types of devices (ZnO TFTs and Al2O3 MIM capacitors) 
were evaluated for each test run. Fourteen parameters were used for the analysis, which were 
separated in three different groups: i) parameters for evaluation of the Al2O3 oxide film, obtained 
from impedance/capacitance spectroscopy measurements in MIM capacitors and AFM images; ii) 
parameters obtained from the TFT characteristic curves, associated to the carrier transport in the 
semiconducting film or at the semiconductor/dielectric interface; and iii) parameters obtained from 
the source-to-gate current curves, focusing on the quality of the dielectric layer during a TFT 
measurement. 
The first group includes the Al2O3 dielectric constant (ε), the ac conductivity at low 
frequencies (σLF) and the ac conductivity at high frequencies (σHF). As an additional response 
parameter of the dielectric film quality, we considered the root mean square (RMS) roughness of 
the anodised surface, determined from atomic force microscopy (AFM) images. 
The second group comprises the ZnO TFT electron mobility (µ), the threshold voltage (Vth), 
the hysteresis of the transfer curve (ΔVH), the “off” state current (Ioff), the “on” state current (Ion) 
and the on/off ratio (Ion/Ioff).  
The third group used as response parameters the gate current in the depletion state (Idep), 
the gate current in the accumulation state (Iacc), the voltage of minimal gate current in forward scan 
(Vfor) and the voltage of minimal gate current in reverse scan (Vrev). In this paper, we focus on the 
response parameters from the second group, which are more important to the TFT performance. 
The results for the first and third group are available in the supplementary information (SI). 
All the electrical measurements were performed at room conditions, avoiding exposure to 
ambient light, since ZnO presents persistent photoconductivity when irradiated by UV-light 26,27. 
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For the TFT measurements, a two-channel source-measure unit (SMU, Agilent model B2902A) 
was used, with spring probe connectors to perform the contacts to the electrodes (drain, source and 
gate) and a voltage sweep ratio of 0.5 V/s for both VDS and Vg. Impedance/capacitance 
measurements were performed by a HP precision LCR meter (model 4282A), using a ac voltage 
of 100 mVRMS and a frequency range from 20 Hz up to 1 MHz. The atomic force microscopy 
(AFM) data were obtained by using a Veeco NanoMan system.  
 
Design of experiments (DOE) 
The design of experiments used for screening the anodisation factors introduced in Table 1 
is based on a matrix sequence of the twelve runs according a Plackett-Burman design (PBD) 
presented in Table 2. Plackett-Burman Design (PBD) is a screening test of 2-levels fractional 
factorial design applied to study N-1 variables using N experimental runs, where N is a multiple of 
four 18. The table used for this experiment was sourced from Esbensen, K. H. et al 28. In Table 2, 
the letter L and H refers to the “low value” and “high value” for each process factor, respectively, 
whereas the letters A to H refers to the anodisation factors, which are specified in Table 1. For each 
experimental run, a set of measurements (TFT curves, ac impedance or AFM) was carried out on 
eight replicated samples used for each run. It is worth to mention that the combination of 
experimental runs and their respective low and high levels of the factors specified in Table 2 were 
determined in a way that is possible to apply ANOVA for screening the most significant ones. 
Moreover, another characteristic of the PBD matrix in Table 2 is its orthogonality, i.e., for each 
level (high or low) in one factor, there is an even number of “highs” and “lows” for all the remaining 
factors of the matrix. 
9 
 
Table 2: Plackett-Burman matrix for 12 runs experiments screening eight factors (A-H). 
 
 
Analysis of Variance (ANOVA) 
ANOVA (Analysis Of Variance) has been used to identify which processing condition of 
the dielectric layer contributes more significantly to a determined best TFT response parameter 
(e.g. µ, Vth, Ion, Ioff, ΔVH, Idep) 
29. As ZnO TFTs possess sample-to-sample variability, it is vital to 
consider this variation compared to the variation achieved by changing one or more process 
conditions. The effect of a factor on a response parameter is defined as: 
𝐸𝑓 =  
∑𝑌+
𝑛+
−
∑𝑌−
𝑛−
 
(1) 
where ∑𝑌+ is the sum of the response parameter at the high level, ∑𝑌− is the sum of the response 
parameter at the low level and n+ and n- are, respectively, the number of experiments in the “high” 
and “low” levels. The total sum of squares (𝑆𝑆𝑇) 
16 is defined as: 
𝑆𝑆𝑇 =
𝑁
4
(𝐸𝑓)2 
(2) 
which can be split into two contributions: the sum of squares of the regression (SSR) and 
the sum of squares of the error (SSE). The former is determined by the sum of squares of the effects 
caused by changing the process conditions (‘between-run variation’) whereas the latter is 
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determined by the effects considering devices fabricated by the same process conditions (‘within-
run variation’). The mean square of regression (MSR) and the mean square of errors (MSE), are 
given by: 
𝑀𝑆𝑅 =
𝑆𝑆𝑅
𝑑𝑓𝑅
   and   𝑀𝑆𝐸 =
𝑆𝑆𝐸
𝑑𝑓𝐸
 (3) 
where dfR and dfE are the degrees of freedom of the regression and the error, respectively. For 𝑀𝑆𝑅, 
the degrees of freedom are the total number of groups (‘test runs’) minus one (12 – 1 = 11). For  
𝑀𝑆𝐸, the degrees of freedom are the total samples used for these tests minus the groups (96 – 12 = 
84). 
To perform ANOVA analysis, the ratio between MSR and MSE (‘the F-ratio’) is used to test 
the following two hypotheses 16: 
𝐹 =
𝑀𝑆𝑅
𝑀𝑆𝐸
 
(4) 
 H0: There is no difference between the variance caused by changing the process 
condition (e.g. pH, current density, temperature of the electrolyte) and the variance 
caused by noise. 
 H1: The variance caused by stress factor (e.g. pH, current density, temperature of 
the electrolyte) is larger than the variance caused by noise. 
 
Under the null hypothesis, the ratio follows the F distribution with degrees of freedom of 
11 and 84. Finally, the p-value is computed from the F-ratio, and this can be used to calculate the 
difference between the variance caused by the corresponding change on the process condition and 
the variance caused by noise. 
By applying ANOVA to the TFT performance data, a variance table can be calculated. The 
p-value for each process condition can be calculated and a hypothesis test for significance applied. 
For this work, a significance level α of 0.01 was used to compare with the p-values. A small p-
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value (typically ≤ 0.05) indicates compelling evidence against the null hypothesis, thus leading to 
the rejection of the null hypothesis. In this work, we used Chemoface, which is a free user-friendly 
interface developed by the Federal University of Lavras (UFLA), Brazil 21, to perform the factor 
screening by ANOVA. 
RESULTS AND DISCUSSION 
 
Transistor characteristics 
To analyse the results TFT performance parameters were extracted from each test run, 
which were used as output responses for the Plackett-Burman design. Figure 1-a and 1-b show, 
respectively, the output and transfer curves for a TFT manufactured using Test Run 3 from Table 
2. Figure 1-b inset shows a cross-section schematic of the TFT structure used for this work. The 
𝐼𝐷
1
2 vs. VG curve is also depicted in Fig. 1-b, allowing the evaluation of the TFT mobility (µ) from 
the slope of the curve and the threshold voltage (Vth) from the extrapolation of the linear region to 
the horizontal axis. In the saturation region, the relationship between the channel current (ID) and 
the gate voltage is given by 29: 
 
𝐼𝐷 =
𝑤𝐶𝑖
𝐿
𝜇
(𝑉𝐺 − 𝑉𝑡ℎ)
2
2
 
 
(5) 
 
where w is the channel width, L, the channel length, and Ci, the dielectric layer capacitance per unit 
area. From the transfer curves for run 3, a mobility of 1.27 cm2/s, an on/off ratio of 1.4 x104 and a 
threshold voltage of 3.5 V were obtained. The performance parameters “on” current, “off” current 
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and on/off ratio were defined as the maximum channel current in accumulation, the lowest channel 
current in depletion, and their ratio, respectively. 
 
Figure 1: a) Output curves sweeping VG from 0 to 12 V, in of 2 V steps; b) transfer curve and ID1/2 vs. VG for VDS = +10 
V. Inset: schematic of the ZnO TFT structure; c) transfer curve, for VDS=10 V, showing the hysteresis between forward and reverse 
voltage scan; All curves were obtained from a ZnO TFT with anodised Al2O3 prepared as specified in run # 3, Table 2 
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The TFT transfer curves normally showed hysteresis on the channel current (ID) when the 
voltage at the gate electrode (VG) was swept in forward or in reverse direction. The evaluation of 
the hysteresis was undertaken using the method reported elsewhere 30, in which the hysteresis 
magnitude (ΔVH) is defined as the voltage difference in the transfer curves, between forward and 
reverse scan, when the channel current is half of its maximum value. In Figure 1-c, the transfer 
curve (in linear scale, to highlight the hysteresis) shows clearly the hysteresis for a device 
constructed in accordance with Run 3 (where ΔVH = 1.5 V). 
Aluminium oxide produced by aqueous combustion synthesis as the dielectric layer 31,32 are 
also an alternative to obtain high performance TFTs using simple, solution-processed deposition 
techniques. Despite the excellent quality of the dielectric layer obtained by this technique, 
annealing temperatures in the order of 350 oC are still necessary to obtain good insulating films, 
limiting to a certain extent the use of flexible substrates. Anodisation process, on the other hand, 
permits the use of relatively low temperatures which are totally compatible to flexible substrates 
(the substrates were submitted to temperatures ranging from 40oC up to 150oC in the present work). 
 
Influence of the dielectric layer fabrication factors on the ZnO TFTs characteristics 
To study how variations in the dielectric layer manufacturing process affect the TFT 
characteristics, we analysed the characterization parameters (µ, Vth, ΔVH, Ion, Ioff and Ion/Ioff) from 
TFTs which were built using the same ZnO layer process conditions and different dielectric layers 
fabricated according to the PBD defined by Tables 1 and 2.  
The mean values (𝑌n̅) and the standard deviation values (sn) of the TFT response parameters 
(each run has an average of 8 devices) are presented in Table 3. By default, the transfer curve was 
obtained by repeating the measurement three times, with no visible change (other than the 
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hysteresis) from one cycle to the next. The mean value from all experiments (between-runs) for a 
particular response is denoted by 𝑌T̅ whereas sT is the correspondent between-runs standard 
deviation (SD) of the within-run means. Moreover, ?̅?n is the mean of the within-run standard 
deviation. 
Table 3: Mean and standard deviation values of response parameters from the performance of ZnO TFT onto 
anodised Al2O3 for the 12 experimental runs using PBD method. 
 
 
From Table 3, it is possible to qualitatively estimate the influence of the variation on the 
factors from the comparison of the between-run standard deviation (sT) to the mean of the in-run 
standard deviation (𝑠n̅). The value of the between-run standard deviation compared to the total 
mean of the response also suggests that the manufacturing factors influence the observed response 
parameters. For instance, focusing on the TFT mobility, the between-runs SD (0.50 cm2.V-1.s-1) is 
even higher than the total mean value (0.39 cm2.V-1.s-1), and several times higher than the mean in-
run SD (?̅?n = 0.06 cm
2.V-1.s-1), indicating that factor variation has strong influence on the TFT 
mobility. 
Run 
µ 
(cm2.V-1.s-1) 
VTH 
(V) 
ION 
(µA) 
IOFF 
(nA) 
ION/IOFF 
(x103) 
∆VH 
(V) 
 𝑌n̅ sn 𝑌n̅ sn 𝑌n̅ sn 𝑌n̅ sn 𝑌n̅ sn 𝑌n̅ sn 
1 1.30 0.11 4.09 0.65 4.31 1.13 5.58 0.77 0.76 0.14 3.54 0.58 
2 0.15 0.02 0.31 1.00 1.97 0.77 0.48 0.21 4.73 2.96 3.50 0.56 
3 1.59 0.17 3.99 0.64 3.44 0.64 1.82 0.61 2.09 0.75 2.05 0.33 
4 0.11 0.06 3.90 0.96 2.90 0.74 0.27 0.12 12.83 6.39 1.93 0.41 
5 0.33 0.06 2.90 0.67 3.52 0.63 0.66 0.25 6.53 3.99 2.17 0.41 
6 0.21 0.06 3.26 0.88 3.08 0.46 0.48 0.19 7.51 3.69 2.58 0.38 
7 0.09 0.05 2.63 0.82 0.49 0.30 0.42 0.10 1.15 0.56 4.10 0.35 
8 0.19 0.02 2.66 0.58 0.57 0.14 0.26 0.10 2.63 1.41 4.44 0.72 
9 0.39 0.04 2.73 0.58 2.07 0.35 0.36 0.13 6.44 2.49 2.34 0.37 
10 0.06 0.03 3.06 1.02 0.34 0.11 0.26 0.12 1.80 1.51 4.74 0.54 
11 0.15 0.02 4.53 1.00 0.48 0.15 0.41 0.14 1.27 0.50 1.31 0.29 
12 0.14 0.02 3.46 1.23 0.42 0.11 0.58 0.24 0.83 0.34 6.05 0.55 
             
𝒀T     0.39  3.13  1.97  0.97  4.05  3.23  
sT 0.50  1.09  1.46  1.51  3.69  1.41  
𝒔 n  0.06  0.84  0.40  0.17  1.46  0.41 
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To understand if the manufacturing factors have a statistically significant impact upon the 
quality of the dielectric layer, ANOVA calculations were performed considering the response 
parameters obtained from all samples in all experimental run. The calculated effects from all 
sources of variation (factors) on the TFT mobility, the sum of squares and the percentage of 
contribution are presented in Figure 2-b. The corresponding half-normal plot for the absolute 
effects is also shown in Figure 2-a. The half-normal plot highlights that the factors H, B, C, A, E 
and D do not follow the normal distribution, considering a confidence interval of 99% (p-limit of 
0.01). For the considered number of degrees of freedom and confidence interval, the t-value 
(defined as the square root of the F-ratio from equation 1) limit is 2.642. The vertical axis of Fig. 
2-a is in “probability scale”, which represents the inverse of a cumulative Gaussian distribution, 
i.e. Y’ = norminv(Y/100). The function norminv(xp) computes the deviate xp associated with the 
given lower tail probability p (0.01, in the present case) of the standardized normal distribution. xp 
is calculated for the given p such that: 
𝑝 =
1
√2𝜋
∫ 𝑒−𝑢
2 2⁄
𝑥𝑝
−∞
𝑑𝑢          𝑓𝑜𝑟 −∞ < 𝑥𝑝 < ∞ 
(6) 
Therefore, the cumulative Gaussian distribution is represented by the straight line of Fig. 
2-a. Factors distancing the cumulative Gaussian distribution contribute to the rejection of the null 
hypothesis (H0). 
Figure 2-b shows the ranking of the factors considering the effect on the TFT mobility. Six 
factors (H, B, C, A, E and D) are significant within the confidence interval. However, as a 
convention, we decided to consider as relevant only factors whose contribution to the effect is 
superior to the fraction correspondent to a uniform distribution among all the 8 factors (i.e., superior 
to 12.5%). This criterion was used to discriminate the factors which contribute more to the effect 
from factors, which, even though are significant, contribute less to the observed effect. Factors F 
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and G were found to be non-significant, which means that the calculated effect of these parameters 
on the mobility could not be distinguished from noise. The factors which contribute most to the 
TFT mobility are (in rank order): the final voltage for the anodisation process, the Al-evaporation 
rate, the electrolyte water content, and the thickness of the Al layer. All these factors presented a 
negative effect on the mobility, which means that when the factor is set on the “high” value (Table 
1), a decrease on the TFT mobility was observed. 
 
 
Figure 2: a) Half Normal Plot of effects using the TFT mobility as the response parameter. b) Ranking of the factor effects 
considering the as TFT mobility response parameter. Corresponding sum of squares of the effects, F-value, p-value, significance, 
percental contribution and cumulative contribution of each factor on the effects are also computed on the table. 
 
To discriminate the effects by varying the different manufacturing factors, we performed 
ANOVA on all the results, leading to the Pareto charts of effects presented in Fig. 3. In these charts, 
the most significant factors are ranked and the threshold limit of significance (p = 0.01) is 
represented by a vertical dashed line. A factor which absolute effect surpass the p-limit are 
considered significant.  
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Figure 3: Pareto charts of the absolute effects on a) TFT mobility; b) TFT threshold voltage; c) voltage hysteresis; d) 
TFT “on” current; e) TFT “off” current; f) TFT on/off ratio. 
The effect of a factor upon a response parameter is defined as positive (negative) if the 
response presents an absolute increase (decrease) by changing the factor level from “low” to 
“high”. Colours are used to distinguish if the effect is negative or positive in the Pareto charts of 
Figure 3. 
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The Pareto charts show that several factors influence each response parameter considering 
a confidence interval of 99%. For the “off” current, all factors were found to be significant, whereas 
7 factors were significant for both the mobility and the on/off ratio, 6 factors for the hysteresis, 5 
factors for the “on” current and 4 factors for the threshold voltage. Moreover, the factors ranking 
and effect sign (positive or negative) change considerably among the observed responses. For 
improved factor screening, we considered only the factors which have a higher relative contribution 
to each response parameter, as described before during the analysis of Fig. 2. The results are 
presented in Table 4, where the percentage contribution and the cumulative contribution from the 
most significant factors are computed. Considering as relevant the factors which relative 
contribution to the effect is superior to 12.5%, we notice that a better screening of the manufacture 
factors (cells highlighted in yellow on Table 4). The exception is the threshold voltage, which have 
4 significant factors and still have 4 relevant factors, summing up a cumulative contribution 
superior to 85%. 
The anodization current density (factor F) is not among the most relevant factors in any of 
the cases, and the annealing treatment (factor G) and the electrolyte temperature (factor D) appear 
just once each among all cases, having smaller contributions to the observed effects. Table 4 also 
presents the sign of the influence of the factor (positive or negative) on the effect for each response, 
indicating the sign of the effect for a particular factor value (“high” or “low”). 
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Table 4: Relative contribution to the effects and cumulative relative contribution from the manufacture factors 
considering the i) TFT mobility; ii) TFT threshold voltage; iii) voltage hysteresis; iv) TFT “on” current; v) TFT “off” 
current; vi) TFT on/off ratio as the response parameters. 
 
 
The final voltage (H) is directly associated to the thickness of the Al2O3 and it is expected 
that, the higher the thickness, the lower the TFT mobility, “on” current and “off” current due to the 
lower electric field at the semiconductor/dielectric interface; this is supported by the data obtained 
in Table 4. 
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Conduction in the TFT channel initiates when the electric field at the interface induces the 
filling of gap states, moving the Fermi level closer to the conduction band and increasing the charge 
carrier concentration. Therefore, for voltages below Vth, most of the charge carriers are in localized 
states and the transport is dominated by hopping, which results in low mobility values 29. The 
threshold voltage itself is mainly influenced by the presence of shallow states in the band gap, 
which are affected by the thickness of the dielectric layer and the oxide dielectric constant. 
Moreover, the higher density of traps resulting from a thicker dielectric layer can be also 
responsible for the observed higher transfer curve hysteresis. 
The water content (C) in the electrolyte causes a higher Al2O3 surface roughness (see 
supplementary material, SI), which causes more carrier scattering at the dielectric interface, leading 
to lower mobility as well as “on” current and “off” current. The lower threshold voltage for higher 
water content may be because most of the defects formed in the dielectric layer are due to dipoles 
and not to charged states. 
Hickmott 33 reported that the maximum amount of charges introduced into the Al2O3 layer 
during the anodization process can be more than 100 times larger when aqueous electrolytes are 
used. The effect of H2O content in the electrolyte can be explained considering the equations used 
to describe the Al2O3 growth onto metallic Al: 
 
2𝐴𝑙 + 3 2⁄ 𝑂2 → 𝐴𝑙2𝑂3 
 
(2) 
2𝐴𝑙 + 3𝐻2𝑂 → 𝐴𝑙2𝑂3 + 3𝐻2 (3) 
 
Whilst water residue is likely to be present on the surface, some water molecules or oxygen 
atoms can also be trapped in the Al2O3 bulk, creating defects which affect the electrical properties 
of the oxide layer, as well as the oxide surface roughness34–36. 
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The Al-layer thickness (A) and the Al-evaporation rate (B) are also factors which affect the 
anodised oxide layer morphology 37 and conductivity (see SI) in such a way that the higher these 
factors, the lower are the TFT mobility and “on” current (higher carrier scattering at the interface) 
and the “off” current (lower channel intrinsic current, probably to defect states). 
The data in table 4 also indicates that the pH of the electrolyte (E) impacts negatively the 
transfer curve hysteresis, denoting that for slower Al2O3 deposition rates (a more conductive 
electrolyte results in slower oxide growth), less charge traps are formed at the TFT 
semiconductor/dielectric interface. Hysteresis originates due to the delay on releasing charges from 
traps. During the forward sweep of VG, traps with energy lower than the Fermi level are filled. 
During the reverse sweep, however, the charges are not released from the traps immediately, 
shifting the transfer curve compared to forward sweep. Therefore, interface states and traps in the 
bulk can be considered the main cause of hysteresis.  
Factor E (pH of the electrolyte) is also the most important contribution to the TFT on/off 
ratio. Considering that both the “on” and “off” currents are negatively affected by the pH of the 
electrolyte, one concludes that the decrease on the “off” current is higher than the decrease on the 
“on” current, causing an increase on the on/off ratio when the factor is at its “high” level. A similar 
reasoning can be applied to explain why factor A (Al-film thickness) has a positive impact on the 
on/off ratio, despite its negative impact on both the TFT “on” and “off” currents. Another factor 
which has a high negative contribution to the transfer curve hysteresis (and, consequently to the 
charge traps density) is the annealing of the Al2O3 films prior to the ZnO sputtering. The substrate 
annealing promotes the desorption of adsorbed species (molecular oxygen, moisture, etc.) to the 
dielectric layer surface which can cause charge trapping at the semiconductor/dielectric interface 
during transistor operation. 
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TFT overall performance 
A useful purpose of this work would be to identify the impact of the process factors on the 
overall performance of the ZnO TFTs. To analyse the effects of the manufacturing process, it is 
necessary to identify targets for each response parameter. We considered that, for the mobility, the 
“on” current and the on/off ratio, the best response is the highest value as possible, whereas, for 
the threshold voltage, the “off” current and the hysteresis, the best response is the lowest as 
possible. Using this criterion, Table 5 has been constructed, where the most appropriate target level 
(only “H” or “L”) was selected for each response. 
Table 5: Optimal choice for the level of each manufacturing factor considering the individual responses and the 
overall optimized performance considering the six response parameters from the TFT transfer curve. Yellow cells with a 
“n” indicate that the factor influence can be neglected. 
 
 
For each TFT response parameter, as different process factors could potentially lead to an 
optimised response, a method to identify the optimal process factor was needed. Therefore, we 
considered as major criterion the highest number of occurrences of each target level, as observed, 
for instance, for factor A in Table 5 (3x “H” vs. 1x “L”, resulting in a target level “H”). However, 
for factor H (final voltage), each target level occurs twice, requiring the use of a second criterion. 
We considered the highest sum of the percental contribution of factor H to each response parameter 
(which can be obtained from Table 4), resulting in a target level “L” for factor H. As result, the 
 FACTORS 
 A B C D E F G H 
RESPONSES         
Mobility H L L n n n n L 
Threshold Voltage L n H H n n n H 
On current n L L n n n n n 
Off current H H H n H n n H 
On/off ratio H n n n H n n n 
hysteresis n n n n L n H L 
         
Optimum value H L H H H n H L 
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factor levels have an optimal combination of transistor performance in the last row of Table 5. One 
observes that factor F (current density) does not contribute significantly to the overall TFT 
performance and can be ignored, even though ANOVA showed initially that it was significant for 
some response parameters. 
The scores of the factors for all parameters studied, calculated by ANOVA, are summarised 
in Table 6. The lines of the table are organised by separating the manufacturing factors in three 
different groups: i) factors prior to the anodisation step (the Al layer thickness and evaporation 
rate); ii) factors directly associated to the anodisation process (H2O content, temperature of the 
electrolyte, pH of the electrolytic solution, current density and final voltage), and iii) the post-
processing factors: in this case just the “annealing” step. Each cell of the table representing a 
significant factor (based upon the 12.5% relative contribution stated before) contains a number 
which represents the ranking of the factor influence on the associated response parameter. 
Table 6: Comparative table of the significance scores of process factors considering all studied response parameters. The 
number in each cell represents the order of significance found by ANOVA for the respective pair of factor and parameter. Only 
factors which presented relative contribution superior to 12.5% were considered. 
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From this table, it is possible to identify that factors F and G (current density and annealing, 
respectively) are the factors which have the lowest overall impact upon performance considering 
all TFT response parameters. On the other hand, factors A, C and H (Al-film thickness, H2O content 
in the electrolyte and final voltage, respectively) are the factors which have the highest impact on 
the overall performance. To rank the factors which impact most the overall performance, we can 
consider two criteria: i) the number of times each factor appears as significant in Table 6; and ii) 
the lowest sum of the order of significance in each line of Table 6. According to the first criterion, 
factors A, C and H are tied. However, by the second criterion, factor H (final voltage) is the most 
relevant factor, since it has the lowest sum of the order of significance. Factors A and C are still 
tied by such criterion. Moreover, factor H affects most the TFT mobility, which is commonly 
attributed as the most important TFT performance parameter. Therefore, Table 6 can be used to 
determine which process factors are the most important to the device performance, and which ones 
have a lower effect or can be neglected, in the case of the need of a full factorial DOE (when the 
factors interactions play an important role in the response parameters). 
CONCLUSIONS  
 
A combinational, two-level DOE approach based on a Plackett-Burman design with 
reduced number (12) of experimental runs, was applied to the screen 8 anodisation parameters used 
in the manufacturing of the gate dielectric of ZnO TFTs. The use of six performance parameters of 
TFTs allows for the preliminary identification of the correlations between the manufacturing 
process parameters and the device characteristics. An important observation from the results is that 
the manufacturing parameters of the dielectric layer of the TFTs have a strong influence on the 
device performance parameters, presenting a comparable effect (or even higher) on the device 
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characteristics than the variation of the dielectric layer surface treatment parameters, which are 
commonly investigated in the literature. The use of several replicated samples (eight, for each 
experimental run) increased considerably the number of degrees of freedom used in the analysis of 
variance of the DOE results, impacting positively the confidence interval and minimising the 
influence of noise on the method. This procedure is particularly interesting for optimisation of other 
devices in printed/flexible electronics to improve the fabrication process and to speed up the 
development of new low-cost products. 
 
ACKNOWLEDGEMENTS 
The authors acknowledge the financial support from São Paulo Research Foundation – 
FAPESP – Brazil (grants 2014/13904-8, 2013-24461-7 and 2016/03484-7), National Institute of 
Organic Electronics (INEO/FAPESP/CNPq – Brazil) and the Newton Research Collaboration 
Programme (grant # NRCP1617/5/94). The authors also thank Prof. Martin Taylor for valuable 
discussions. 
 
Supporting Information Available: [Anodisation process details, TFT curves and Plackett-
Burman analysis of performance parameters related to the insulating properties of the dielectric 
layer of the transistors or in metal-insulator-metal (MIM) capacitors structures]. This material is 
available free of charge via the Internet at http://pubs.acs.org. 
REFERENCES 
[1] Siket, C. M.; Tillner, N.; Mardare, A. I.; Reuveny, A.; Grill, C. D.; Hartmann, F.; Kettlgruber, G.; Moser, 
R.; Kollender, J. P.; Someya, T.; et al. Direct Writing of Anodic Oxides for Plastic Electronics. npj Flex. 
Electron. 2018, 2 (1), 23. 
[2] Chang, S.; Song, Y.; Lee, S.; Lee, S. Y.; Ju, B. Efficient Suppression of Charge Trapping in ZnO-Based 
26 
 
Transparent Thin Film Transistors with Novel Al2O3∕HfO2∕Al2O3 Structure. Appl. Phys. Lett. 2008, 
92 (19), 192104. 
[3] Park, J.; Rim, Y. S.; Li, C.; Kim, H.; Goorsky, M.; Streit, D. Deep-Level Defect Distribution as a Function 
of Oxygen Partial Pressure in Sputtered ZnO Thin-Film Transistors. Curr. Appl. Phys. 2016, 16 (10), 
1369–1373. 
[4] Park, Y. M.; Desai, A.; Salleo, A.; Jimison, L. Solution-Processable Zirconium Oxide Gate Dielectrics 
for Flexible Organic Field Effect Transistors Operated at Low Voltages. Chem. Mater. 2013, 25 (13), 
2571–2579. 
[5] Hoffman, R. L.; Norris, B. J.; Wager, J. F. ZnO-Based Transparent Thin-Film Transistors. Appl. Phys. 
Lett. 2003, 82 (5), 733–735. 
[6] Fortunato, E. M. C.; Barquinha, P. M. C.; Pimentel, A. C. M. B. G.; Gonçalves, A. M. F.; Marques, A. 
J. S.; Pereira, L. M. N.; Martins, R. F. P. Fully Transparent ZnO Thin-Film Transistor Produced at Room 
Temperature. Adv. Mater. 2005, 17 (5), 590–594. 
[7] Ha, Y.; Jeong, S.; Wu, J.; Kim, M.; Dravid, V. P.; Facchetti, A.; Marks, T. J. Flexible Low-Voltage 
Organic Thin-Film Transistors Enabled by Low-Temperature, Ambient Solution-Processable 
Inorganic/Organic Hybrid Gate Dielectrics. J. Am. Chem. Soc. 2010, 132 (49), 17426–17434. 
[8] Yoon, S.; Park, S. K.; Byun, C.; Yang, S.; Hwang, C. Electrical Characterization of Metal-Insulator-
Semiconductor Capacitors Having Double-Layered Atomic-Layer-Deposited Al[Sub 2]O[Sub 3] and 
ZnO for Transparent Thin Film Transistor Applications. J. Electrochem. Soc. 2010, 157 (7), H727. 
[9] Sweet, W. J.; Jur, J. S.; Parsons, G. N. Bi-Layer Al 2 O 3 /ZnO Atomic Layer Deposition for Controllable 
Conductive Coatings on Polypropylene Nonwoven Fiber Mats. J. Appl. Phys. 2013, 113 (19), 194303. 
[10] Adamopoulos, G.; Thomas, S.; Bradley, D. D. C.; McLachlan, M. A.; Anthopoulos, T. D. Low-Voltage 
ZnO Thin-Film Transistors Based on Y2O3 and Al2O3 High-k Dielectrics Deposited by Spray Pyrolysis 
in Air. Appl. Phys. Lett. 2011, 98 (12), 123503. 
[11] Lee, J.; Kim, S. S.; Im, S. Electrical Properties of Aluminum Oxide Films Deposited on Indium-Tin-
Oxide Glasses. J. Vac. Sci. Technol. B Microelectron. Nanom. Struct. 2003, 21 (3), 953. 
[12] Hasan, M.; Rho, J.; Kang, S. Y.; Ahn, J.-H. Low Temperature Aluminum Oxide Gate Dielectric on 
Plastic Film for Flexible Device Application. Jpn. J. Appl. Phys. 2010, 49 (5), 05EA01. 
[13] Szu-Wei Huang; Jenn-Gwo Hwu. Electrical Characterization and Process Control of Cost-Effective 
High-k Aluminum Oxide Gate Dielectrics Prepared by Anodization Followed by Furnace Annealing. 
IEEE Trans. Electron Devices 2003, 50 (7), 1658–1664. 
[14] Majewski, L. A.; Schroeder, R.; Grell, M. One Volt Organic Transistor. Adv. Mater. 2005, 17 (2), 192–
196. 
[15] Majewski, L. A.; Grell, M.; Ogier, S. D.; Veres, J. A Novel Gate Insulator for Flexible Electronics. Org. 
Electron. 2003, 4 (1), 27–32. 
[16] Montgomery, D. C. Design and Analysis of Experiments, 8th ed.; John Wiley & Sons, Inc.: Hoboken, 
NJ, USA, 2013. 
[17] Anderson, M. J. .; Whitcomb, P. J. DOE Simplified: Practical Tools for Effective Experimentation, 3rd. 
Ed.; CRC Press: Boca Raton, 2015. 
27 
 
[18] Experimental Design and Optimisation (4): Plackett–Burman Designs. Anal. Methods 2013, 5 (8), 
1901. 
[19] Ferreira, S. L. C.; Caires, A. O.; Borges, T. da S.; Lima, A. M. D. S.; Silva, L. O. B.; dos Santos, W. N. L. 
Robustness Evaluation in Analytical Methods Optimized Using Experimental Designs. Microchem. 
J. 2017, 131, 163–169. 
[20] Dejaegher, B.; Vander Heyden, Y. Supersaturated Designs: Set-Ups, Data Interpretation, and 
Analytical Applications. Anal. Bioanal. Chem. 2008, 390 (5), 1227–1240. 
[21] Nunes, C. A.; Freitas, M. P.; Pinheiro, A. C. M.; Bastos, S. C. Chemoface: A Novel Free User-Friendly 
Interface for Chemometrics. J. Braz. Chem. Soc. 2012, 23 (11), 2003–2010. 
[22] Barletta, M.; Gisario, A. Electrostatic Spray Painting of Carbon Fibre-Reinforced Epoxy Composites. 
Prog. Org. COATINGS 2009, 64 (4), 339–349. 
[23] Najafabadi, A. H.; Mozaffarinia, R.; Rahimi, H.; Razavi, R. S.; Paimozd, E. Sol-Gel Processing of Hybrid 
Nanocomposite Protective Coatings Using Experimental Design. Prog. Org. COATINGS 2013, 76 (1), 
293–301. 
[24] Rahimi, H.; Mozaffarinia, R.; Najafabadi, A. H.; Razavi, R. S.; Paimozd, E. Optimization of Process 
Factors for the Synthesis of Advanced Chrome-Free Nanocomposite Sol-Gel Coatings for Corrosion 
Protection of Marine Aluminum Alloy AA5083 by Design of Experiment. Prog. Org. COATINGS 2013, 
76 (2–3), 307–317. 
[25] Taylor, D. M.; Alves, N. Separating Interface State Response from Parasitic Effects in Conductance 
Measurements on Organic Metal-Insulator-Semiconductor Capacitors. J. Appl. Phys. 2008, 103 (5), 
054509. 
[26] Li, Y.; Della Valle, F.; Simonnet, M.; Yamada, I.; Delaunay, J. J. Competitive Surface Effects of Oxygen 
and Water on UV Photoresponse of ZnO Nanowires. Appl. Phys. Lett. 2009, 94 (2), 3–6. 
[27] Mansouri, S.; Bourguiga, R.; Yakuphanoglu, F. Analytic Model for ZnO-Thin Film Transistor under 
Dark and UV Illumination. Curr. Appl. Phys. 2012, 12 (6), 1619–1623. 
[28] Esbensen;, K. H. . B. S. Multivariate Data Analysis: An Introduction to Multivariate Analysis, Process 
Analytical Technology and Quality by Design, 6th ed.; CAMO Software AS: Oslo, Norway, 2018. 
[29] Petti, L.; Münzenrieder, N.; Vogt, C.; Faber, H.; Büthe, L.; Cantarella, G.; Bottacchi, F.; Anthopoulos, 
T. D.; Tröster, G. Metal Oxide Semiconductor Thin-Film Transistors for Flexible Electronics. Appl. 
Phys. Rev. 2016, 3 (2), 021303. 
[30] Fakhri, M.; Johann, H.; Görrn, P.; Riedl, T. Water as Origin of Hysteresis in Zinc Tin Oxide Thin-Film 
Transistors. ACS Appl. Mater. Interfaces 2012, 4 (9), 4453–4456. 
[31] Branquinho, R.; Salgueiro, D.; Santos, L.; Barquinha, P.; Pereira, L.; Martins, R.; Fortunato, E. 
Aqueous Combustion Synthesis of Aluminum Oxide Thin Films and Application as Gate Dielectric in 
GZTO Solution-Based TFTs. ACS Appl. Mater. Interfaces 2014, 6 (22), 19592–19599. 
[32] Liu, A.; Liu, G.; Zhu, H.; Shin, B.; Fortunato, E.; Martins, R.; Shan, F. Eco-Friendly Water-Induced 
Aluminum Oxide Dielectrics and Their Application in a Hybrid Metal Oxide/Polymer TFT. RSC Adv. 
2015, 5 (105), 86606–86613. 
[33] Hickmott, T. W. Interface States at the Anodized Al2O3-Metal Interface. J. Appl. Phys. 2001, 89 (10), 
28 
 
5502–5508. 
[34] Ruzgar, S.; Caglar, M. Copper (II) Phthalocyanine Based Field Effect Transistors with 
Organic/Inorganic Bilayer Gate Dielectric. J. Nanoelectron. Optoelectron. 2015, 10 (6), 717–722. 
[35] Iino, Y.; Inoue, Y.; Fujisaki, Y.; Fujikake, H.; Sato, H.; Kawakita, M.; Tokito, S.; Kikuchi, H. Organic 
Thin-Film Transistors on a Plastic Substrate with Anodically Oxidized High-Dielectric-Constant 
Insulators. Jpn. J. Appl. Phys. 2003, 42 (Part 1, No. 1), 299–304. 
[36] Li, Y. V.; Sun, K. G.; Ramirez, J. I.; Jackson, T. N. Trilayer ZnO Thin-Film Transistors With In Situ Al2O3 
Passivation. IEEE Electron Device Lett. 2013, 34 (11), 1400–1402. 
[37] Lin, Y.; Lin, Q.; Liu, X.; Gao, Y.; He, J.; Wang, W.; Fan, Z. A Highly Controllable Electrochemical 
Anodization Process to Fabricate Porous Anodic Aluminum Oxide Membranes. Nanoscale Res. Lett. 
2015, 10 (1), 495. 
 
